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Introduction
Undesirable noise is potentially hazardous and create major health problem in different areas of applications as workshops, residential/ office buildings and transportation. Given the health and safety codes governing the level of noise in these varied locations, the importance of acoustically acceptable environments can be vividly realized. Thus much attention is given to the methods of noise control in association with the considered particular environment of application. In confined spaces such as car cabinet existence of such quiet space that can exclude engine and road noise is of paramount importance which has become a major quality factor [1] [2] [3] . The challenge of noise reduction has traditionally focused on using high-weight sound absorbing material with higher damping effect which is undesirable as far as fuel consumption performance of the modern vehicles is concerned. More recent approach in field of automotive noise reduction concerns with application of sound dissipation by the sound absorbing material rather than sound absorption or sound transmission phenomenon. This meets requirements of high-efficiency low-weight materials that do not lead to unnecessary increase in the weight of the vehicle; these materials are classified as porous fibrous material [3] [4] [5] .
Among the variety of fibrous porous materials, nonwoven structures due to their technical and economical merits are used extensively in numerous automotive applications [6] [7] [8] . Nonwovens are generally known as manufactured fibrous sheets, webs or bats of directionally or randomly orientated fibers, both staple and filament, bonded by friction, cohesion or adhesion mechanisms [9] . Acoustic properties of these fibrous porous structures essentially are related to both geometry of component fibers and their arrangement within the structure [7] . The wide variety of fibers, either natural or man-made can be used in nonwovens manufacturing processes. Among them, natural or polymeric hollow fibers due to their unique structures are expected to have superior noise absorption performance. Estabragh is one of these natural indigenous hollow fibers which their physical and mechanical properties were firstly studied by Haghighatkish [10] .
Gharehaghaji [11] studied the Carding behavior of Estabragh nonwovens and investigated the damages caused to the fibers using SEM images. Hassanzadeh [12] have also investigated the acoustical performance of Estabragh hollow fibers blended with polypropylene fibers in forms of needle punched nonwovens. They concluded that increasing the Estabragh fibers content in blend significantly leads to increase nonwovens sound absorbency.
Numerous researches on designing the light-weight nonwovens as suitable sound absorbing materials for automotive applications are also available. Mahmoud [4] investigated the effect of hollow fibers component on acoustical performance of nonwoven structures. It was found that more sound was absorbed when the percentage of hollow fibers in the blend increased. It should be stated that using natural fiber nonwoven presents ecological benefit such as saving energy in the production process which is very important for industries.
In this work, the acoustic properties of lightly needled nonwoven fabrics produced from Estabragh/hollow-polyester fibers blends have been investigated. Different variables including blend ratio, needle punching density and fabric mass per unit area (g/m 2 ) have been
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Finally it was observed that NAC peaks at frequency of 4000 Hz. considered though the experiments. Using Taguchi statistical design method, the mixture of variables with their specified variation levels was provided.
Experimental
In this research, comparing the acoustical performance of Estabragh natural hollow fibers with that of the Hollow-polyester manmade fibers has been under consideration. Estabragh fibers used in this investigation were collected from the southern regions of Iran. Table  1 shows specifications of both polyester and Estabragh hollow fibers.
Design points of experiments were set up using Taguchi experimental design method [13, 14] . The general steps involved in this method are:
• Defining the process objective, or more specifically, a target value for measuring the process response based on the loss function concepts;
• Selecting the design parameters affecting the process objective and specifying the number of variation levels for them;
• Determining the proper orthogonal array according to the number of selected parameters and their variation levels;
• Performing the trials and collecting data of the process response affected by the combination of parameters as indicated in Taguchi  orthogonal array table; • Analyzing data and determining the effect of the different parameters on the process response.
In this work noise absorption coefficient or NAC which was expected to have maximum value was defined as process target. The selected controllable variables affecting NAC were considered as blend ratio, (g/m 2 ), punching density and the frequency of incident sound waves. Different variation levels were allocated to the variable parameters individually in which the parameter blend ratio was given six levels while for the other two, three different variables were selected. Taguchi orthogonal array L18 as indicated in Table 2 was determined in terms of selected number of parameters and their variation levels. Also the details of variation levels for each controllable parameter are given in Table 3 .
Eighteen different fibrous webs containing 100%, 80%, 60%, 40%, 20% of Estabragh and 100% hollow polyester fibers in three different mass per unit area (g/m 2 ) were prepared using a laboratory-scale carding machine. In order to prevent damage to Estabragh fibers, blending was carried out manually. The carding operation was carried out at steady atmospheric condition of 60-70% relative humidity, and 20-25°C ambient temperature. The carded fibrous webs were needled on a laboratory-scale needling machine equipped with Groz-Beckert 15_18_32_3 felting needles. Needling imparted to the nonwoven layers was adjusted so that three different punch densities including 20.3, 25.4 and 30.5 were provided. A typical SEM image of fibers arrangement within the nonwoven layer is depicted in Figure 1 . Some of the specification of lightly needled nonwoven samples is given in Table 4 .
In order to evaluate the acoustic performance of Estabragh/hollowpolyester needled nonwovens, Impedance Tube Method was used. The principle of this method is based on ASTM E-1050 or C-348 (Normal Incidence Sound Absorption). This technique is relatively inexpensive and entails the use of a small test sample. As it is depicted in Figure 2 , the equipment comprise of a 100 cm long smooth steel stainless tube, signal generator, microphone and a speaker. Microphone is located on movable platform which can be moved along tube when searching for minimum and maximum value of sound pressure. If "A" is the intensity )
Where V max and V min are the maximum and minimum voltage detected via digital voltmeter used in the setup. After determining the "n" value, noise absorption coefficients of samples could be calculated according to the following equation:
Results and Discussion

Taguchi analysis
In order to evaluate the acoustic performance of the lightly needled nonwovens samples, the noise absorption coefficient measurement based on ASTM-E 1050-1982 was repeated three times for each sample. The calculated NAC values of the samples are listed in Table 5 .
In order to evaluate the effects of controllable parameters on NAC of the samples, Minitab-14 software was employed. In this statistical analysis software, the signal to noise (S/N) ratio is recognized as analytical basis. S/N ratio compares the level of a desired signal to the level of background noise. This ratio indicates the amount of noise in the output of a specified process [15] . By considering the type of response parameters, three general standard S/N equations for classification of the objective function including 'larger the better' , 'smaller the better' , or 'nominal the best' are available. Since the NAC as the process response is expected to have larger values, the loss function of the larger-thebetter quality characteristics was determined that can be described as equations 3 and 4;
Where n is the number of tests, y i , is the experimental value of the i th quality characteristic, L j is the overall loss function, and η j is the amount of S/N ratio. Table 5 shows the S/N ratios results in association with all four controllable parameters and their variation levels. Difference between the highest and the lowest S/N ratios of each parameter called Delta, is considered as an index which can indicates the effect of the particular parameter on noise absorbency of the samples. According to the Table 6 , it can be stated that the Estabragh proportion of the blend with a delta value of 6.66 has the strongest effect on NAC. In order to verify the extent of effectiveness of the controllable parameters on noise absorbency of the samples, variation analysis technique as shown in Table 7 was used. It can be seen that apart from frequency, all other controllable parameters significantly affect the NAC values.
The variation curves of NAC in different levels of controllable parameters are separately depicted in Figure 3 . The results indicate that noise absorbency of samples increases as the proportion of Estabragh in the blend increases. Additionally acoustic performance enhances when punching density and/or mass per unit area are increased. From the statistically analysis results it is obvious that the increasing trend in NAC of the samples in terms of sound frequency is not significant.
Effect of proportion of Estabragh in the blend
SEM images of cross-sections fibers used in the work are shown in Figure 4 . According to this image, the ratio of air space to the whole fiber volume could be calculated as about 0.25 for hollow polyester fibers while this ratio for Estabragh fibers is approximately 0.80 which is considerably higher [16, 17] . For this reason, it can be derived that the porosity and the size of the hollow channel of Estabragh fibers is much higher than the hollow-polyester. Therefore, an increment in Estabragh proportion of the blend leads to more frictional losses and greater absorption of sound.
Upon impact of sound waves with porous materials, the transmitted component of the incident sound wave encounters both air and fibers. At the boundaries formed by air and fibers within the material, a single sound wave while travelling through the material structure, branch out into many transmitted and reflected waves which eventually resulted in sound wave energy reduction. Thus an increase in the number of boundaries is bound to enhance sound absorption ability of the fibrous textile material [1, 17] .
Fiber structural characteristic such as cross-section shape is considered as another factor which could affect the sound absorption behavior of nonwovens by changing in the surface area. Larger fiber surface area influences the boundaries faced by the transmitted sound waves which in turn leads to enhancement of sound absorption ability of the material. Narang [17] have pointed to increase in friction between fibers and air and its effect on improvement in sound absorption. Additionally hollow fibers due to entrapment of air in their central axis which effectively increase the boundaries within the fibrous assembly are expected to induce a two fold increase in the sound absorbency of the fibrous material in comparison to identical fibrous material compose of solid fibers [1] . 
Parameters Variation level Delta Rank
Level Previous research [1] has pointed to the importance of fiber diameter on sound insulation property of materials. SEM images and measurement of fiber diameter confirm that Estabragh fibers are finer than hollow-polyester. Assuming a constant value of sample mass per unit area, nonwovens comprised of finer fibers would significantly have a higher number of fibers within their structures than samples made using coarser fibers. This is bound to increase air/fiber boundaries which lead to greater sound absorbency. This explains the superior sound insulation performance of the sample compose of higher proportion of Estabragh fibers.
Effect of mass per unit area
As it is obvious, the number of fibers within the nonwoven layers structure would be increased as the mass per unit area of layers increases. This in turn, leads to the higher numbers of pores created between the constitutive fibers which eventually results in higher frictional resistance to transmitted sound waves. Not only because of the frictional resistance, but also due to the thickness increment and tortuosity path formation within the nonwoven samples, the sound wave energy losses would be resulted [18, 19] .Therefore, the reduction of sound wave amplitude which is known as sound absorbency would be happened by the sample.
Effect of punching density
Increasing the amount of punching density imparted to nonwoven, would increases the fiber entanglement within the nonwoven samples. This in turn results in formation of numerous but smaller pores between the fibers which subsequently increase the sound/fiber interface areas within the fabric structure. Because of this interface changes occurred between fibers and sound waves, the frictional resistance pattern encounter by sound waves and thus more energy would be lost [17] . Although, sever needling leads to excessive breakage of Estabragh fibers, but statistical analysis revealed that increasing the amount of needling applied to the Estabragh/hollow polyester nonwoven samples would significantly improve their noise absorption ability.
Effect of frequency of incident sound
The frequency in which the sound waves can be absorbed is essentially dependent on the density of materials. Seddeq [1] reported that in dense fabric structures, noise absorption occurs almost at high frequencies while in open structured fabrics, the absorbency would occur at frequencies with relatively low intensity. Results of the present work indicate that higher noise absorption is achieved as sound frequency increases. However this is not confirmed by statistical analysis which point to insignificant effect of this parameter on NAC values.
Conclusion
In this study, evaluating the effect of Estabragh fibers component in lightly needled nonwoven samples was aimed. Four different controllable parameters including Estabragh fiber ratio in blend, layer weight, punch density and the frequency of sound were selected and the effects of each parameter on noise absorbency were investigated. The results from Taguchi analysis indicated that the Estabragh fibers presence in nonwoven structures improves the acoustic performance of samples. The ratio of whole diameter to fiber diameter of Estabragh fibers is much higher than that of the hollow-polyester fibers. In this case, the higher Estabragh fibers ratio in blend, would increase the surface area of nonwoven As a result, the more frictional losses of sound energy occurred in such nonwoven samples would be resulted to the higher NAC values. The findings also showed that the layer weight has significant effect on nonwovens acoustic performance. Increasing the layer weight leads to increases the number of fibers within the structure which in turn results in more sound energy losses. So, the NAC values increase by increasing the layer weight. Additionally, increasing the density of nonwovens via applying higher punch densities resulted in more noise absorbency. Although the better noise absorption properties achieved by increasing the frequency, but the statistical analysis revealed that the differences are not significant.
